In this work, solar disinfection of wastewater was studied, focused on the effect of selected environmental variables, namely, light intensity, continuous/intermittent light delivery, and post-irradiation storage as well as dilution in lake water. These variables were studied for their effect on disinfection efficiency and on post-irradiation survival/regrowth in undiluted wastewater and in wastewater diluted in lake water at different dilution rates. The bacterial inactivation curves were studied, and distinct kinetic phases were identified and interpreted. Dose primarily influenced the phases' demonstration and total inactivation times, independently from the irradiance. Intermittent illumination un-evenly prolonged the required exposure time and pointed to extended longer required illumination times when unstable weather conditions are to be expected. Post-irradiation survival/regrowth in undiluted wastewater showed three distinct kinetic profiles, with the transitions among them largely determined by the inflicted light dose.
Introduction
Solar light has demonstrated disinfecting capabilities, due to the action mode of UVB and UVA wavelengths (Bosshard et al., 2010; Douki, 2013) . For drinking water, it has been greatly used as a practice in developing countries (McGuigan et al., 2012) and the application in form of ponds for wastewater treatment has also been investigated in tropical latitude (von Sperling, 2005) . The aforementioned regions coincide with the higher number of sunny days per year and therefore are ideal candidates for such practices.
The efforts to implement field application of solar wastewater have been reported in works in tropical regions in Africa (Maïga et al., 2009 ), Oceania (Davies-Colley et al., 2003) , Asia (Khosravi et al., 2013) and more, with success in terms of removal rates for bacteria, viruses and other microorganisms. Von Sperling et al., (2005) have reviewed the data of 186 facultative and maturation ponds around the world and in terms of geographical distribution, the majority of these data were extracted from applications in Brazil and tropical regions.
Typically these applications are in the form of: primary facultative ponds, secondary facultative and maturation ponds (von Sperling, 2005) . In another work, the use of lagoons was studied, with decreasing efficiency in the inactivation efficiency, as the series evolve (Xu et al., 2002) . Finally the use of waste stabilization ponds for the reduction of effluent pollution was implemented (Bolton et al., 2010) and the ecologically engineered high rate ponds with mixing (Craggs et al., 2004) are some of the forms in which solar wastewater disinfection was implemented. In most of the cases the limits of discharge for irrigation were achieved, but it requires long exposure times which discourage the application.
One of the most decisive factors of solar disinfection is the availability of light (Fabriccino and d'Antonio, 2011) . In most cases, areas with challenged water supplies are subjected to many sunny days per year (Blesa and Litter, 2007) , but for instance, solar-UV power is a function of sky clarity and of the presence of clouds. The solar-only disinfection is affected by changes in irradiation intensity, and therefore, takes place (more efficiently) at higher irradiance values (Sichel et al., 2007) . However, even in the sunniest areas in the world, the UV supply can be subjected to temporal variations; therefore, it is important to assess the implications light intermittence would cause to the removal efficiency of a solar wastewater application.
Furthermore, unlike the chemical methods for disinfecting wastewater, solar exposure lacks residual activity, and when the illumination is over, there is no disinfecting action (White, 2010) . Many microorganisms (e.g. bacteria, viruses) have demonstrated a capability to repair the damages through several mechanisms, after the end of the exposure to UV (Quek and Hu, 2008) . In addition, wastewater is an abundant source of nutrients for microorganisms, and apart from the normal, expected growth, regrowth is also bound to manifest (Oguma et al., 2002) and has to be considered as a primary problem (Blatchley et al., 2007) . Regrowth of bacteria in the natural environment through the aforementioned pathways, depending on the receiving water body, could result in re-contamination of downstream water supplies or coastal areas (Yamahara et al., 2007) .
However, according to the type of receiving water body and conditions during discharge, there is different response expected. In natural aquatic environments carbon availability and temperatures are much lower and therefore, the expected specific growth rates of enteric bacteria are lower (Berney et al., 2007) . The occurrence of microorganisms in natural waters has been a subject of study in receptors such as rivers (Avery et al., 2008) , lakes (Haller et al., 2009) , estuarine waters (Chandran and Hatha, 2005; Kay et al., 2005) , brackish water (Boukef et al., 2010) and seawater (Noble et al., 2004; Darakas et al., 2009) , which indicate the aforementioned differentiated response.
The main goal of this work is to study environmental factors which pose a challenge in the success of solar-oriented applications of wastewater disinfection, such as the effects of irradiation intensity, the delivery method of the light (continuous-intermittent) and the fate of microorganisms after their exit from the disinfecting unit and their introduction to natural waters. Therefore, the objective of this work is to explore the bacterial activity while water is acquiring the necessary dose for inactivation. For this purpose: a. Solar light intensity was changed to reflect some of the intensities occurring during exposure.
b. Different exposure and dark sequences were used to test bacterial response, when irradiation is intermittent, either after short or long dark periods.
c. Pre-illuminated bacteria were introduced in lake water at different wastewater/lake water ratios, to simulate i) the response after various damage levels inflicted by solar light and ii) the survival/regrowth potential of the damaged bacteria for 5 days, as a function of the nutrient availability.
Materials and methods

Bacterial strain preparation
An E. coli K12 strain was used in all experiments, provided by DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany (ATCC23716). Luria Bertani (LB) broth was prepared for each experimental series by adding 10 g Tryptone, 5 g yeast extract and 5 g NaCl in Mili-Q water and autoclaving for heat-sterilization. A colony from pre-cultures was inoculated in 5 mL of sterile LB in a sterile plastic falcon, followed by 8-h incubation and rotation at 37°C, 1% further dilution in 250 mL LB broth and 15 hours further incubation.
The stationary cells were collected by centrifugal separation from the broth (15 min at 500 g and 4°C), followed by 3 rounds of washing by sterile saline solution (NaCl: 8 g/L, KCl: 0.8 g/L, pH: 7-7.5). The final pellet was again suspended in sterile saline solution, forming a bacterial solution of approximately 10 9 colony forming units per milliliter (CFU/mL). This solution was used to form the initial 10 6 population in all experiments, by diluting 1 mL in 1 L of synthetic wastewater. 
Synthetic wastewater composition and preparation
Suntest solar simulator specifications
The light source used in all experiments was a CPS Suntest solar simulator (Atlas GmbH 
Microbial enumeration
Plate count agar (PCA) was used as a growth medium for the enumeration of colony forming units, pourplated on sterile, 9-cm plastic Petri dishes. The optimal count range is 15-150 colonies per plate; here, the actual number of CFU is reported in all cases. The limits of detection for undiluted samples is 1 CFU/mL and for diluted samples is 10 CFU/mL.
Post-irradiation measurements
Bacterial survival/regrowth was monitored by daily measurements from the samples drawn during the experiments. 1 mL samples were kept in dark conditions at room temperature, in sterile plastic Eppendorf caps. For the survival experiments in lake water, samples were diluted (10% and 1%) in sterile dark bottles containing the lake water. Regrowth testing took place from water drawn from the diluted samples.
Experimental details
For all the experiments, 50-mL samples were exposed to simulated solar light, contained in glass reactors, of 65 mL total volume. The specific dimensions were: 3.8 cm diameter, 9 cm height, with cap neck included, 70.6 cm 2 effective irradiation surface . Magnetic bars in the reactors ensured mild stirring throughout the experimental times.
The intermittence test took place at 1200 W/m 2 . During the 6 hours of experimental time, considering the first and last hour as illuminated times (or else the total time is 5 h), there are 14 combinations of 1, 2 or 3 hour light intermittence, which were simulated in the assay. The different combinations are presented in Figure 2a .
The post-irradiation events after the varied intensities test were monitored for a subsequent 48-h period, whereas the survival experiments in lake water were monitored for a 5-day period after the completion of irradiation. Finally, lake water was heat-sterilized prior to use, to eliminate the possible action of indigenous microorganisms naturally present, and focus exclusively on the physicochemical effects of the recipient.
Results and Discussion
Irradiance effects on solar wastewater disinfection
First of all, in the low intensities (500 and 600 W/m 2 ) presented in Figure 1 , the initial impact of light has a detrimental effect on bacterial survival, mainly initiated by the acute change in conditions (dark to light). Both curves present rapid decrease of the bacterial concentration (around 55% decrease). However, this period is followed by a period of recovery of the population. Although the inactivation rates were quite similar, the re-population of the sample followed the trend of the applied intensity; higher photonic rate resulted in profound and rapid recovery.
A possible explanation could be attributed to the response to the UV damage inflicted to the cell, where elevated irradiance could provide a higher bacterial response, to recover the DNA lesions and therefore, higher recovery and cultivable cells. This elevated population would result to higher reproduction effects.
Normally, during illumination experiments, bacteria that are not critically wounded maintain their cultivability. Finally, according to Rincon and Pulgarin (2007) , photo-activation of dormant cells was observed when the samples were irradiated; considering the lag in the demonstration of this early recovery, this could provide an explanation, also justifying the trend of increasing recovery with increasing irradiance.
Furthermore, after the recovery phase, a permanent declining trend with a tail is observed, until total inactivation is achieved. From the time recovery started, there are two separate periods where inactivation is observed, an acute and a significantly milder one. The two phases are justified by the inactivation profile known in solar disinfection, which dictates generation of photoproducts (Rincon and Pulgarin, 2004) and gradual disruption of the respiratory cycle of the cells (Bosshard et al., 2010) ; these effects are cumulative and their result is bacterial inactivation. However, the tailing effect is attributed to i) the new generations of the cells which have developed photo-resistance (Quek and Hu, 2008) and the ones that have escaped illumination due to shielding, aggregation etc. (Craik et al., 2001 ). The latter ones maintain their cultivability, thus continue to replicate and delay total inactivation for 120 and 90 min, for 500 and 600 W/m 2 , respectively.
For the higher intensities, the inactivation profile presents a small initial delay, followed by a long period of acute inactivation and a significantly shorter tail. For the first 30-60 min, the inactivation rate is lower, and is a common finding (Berney et al., 2006; Ndounla et al., 2014) among photo-inactivation assays.
There exists a concomitant growth of the population alongside with the inactivation caused by UVA and UVB. The equilibrium among the two actions is always in favor of inactivation, but it is only after the second hour that the inactivation profile represents a monotonous reduction. Total inactivation (6-log 10 U)
is achieved in 210 and 160 min, for 1000 and 1200 W/m 2 , respectively. The higher irradiance is explaining the difference in the curves; Harm (1980) presented the theory where a significant number of targets need to be hit in order to inactivate bacteria. Bosshard et al., (2010) and Berney et al., (2006) identified the targets. A higher flux can statistically achieve higher number of effective hits in the vital functions of the cell and result to faster loss of cultivability. Conversely, lower flux caused a longer tail effect on the kinetic curves due to higher adaptation rates. It is also evident that the two opposing forces of growth and disinfection are in a relative equilibrium for longer periods of time in the lower intensities rather than the high ones. The shoulder disappearance corresponds to the manifestation of the high intensity effects.
In terms of dose, there is a very interesting finding that correlates inactivation and irradiance. The delay before the acute inactivation phase in low intensities was achieved in very similar doses. For 500 W/m 2 , the rapid phase was observed after 210 min, while at 600 W/m 2 it was observed around 150 min. This means that the end of the shoulder period appeared at around 1650 Wh/m 2 , for both curves. Similarly, the dose that ensured inactivation in high doses was also of close value. According to the definition of solar dose, we get:
Where:
D: is the inflicted dose (Wh/m 2 ), I: is the intensity of light and (W/m 2 ) t: is the exposure time (s).
In this classic approach of dose calculations, the dose required to initiate permanent inactivation is very close between the two cases in low intensity light. For the high intensities, a similar effect is observed in the inactivation phase, considering that the shoulder-lag phase is relatively short. The dose required until the tailing period is very similar. The required dose to achieve 4-log 10 U (99.99%) reduction of bacteria is 3000, 2950, 3100 and 3060 Wh/m 2 , for 500, 600, 1000 and 1200 W/m 2 intensity. However, trying to extend this observation in the tailing period, the error margin is bigger, in both high and low intensities.
In overall, the necessary dose to completely inactivate bacteria, regardless of the employed intensity level, is very close in all cases. These findings contradict the existing literature in drinking water, where the same dose had better effects at higher intensities (Ubomba-Jaswa et al., 2009; Ndounla et al., 2014) . The most probable cause for these results, is the discontinuous manner of delivery of light in field applications. Here, the source is i) constant and continuous without intermittence and ii) in relatively close intensities; the comparison in this cases is valid and effective.
Events during light intermittence
In this experimental sequence, the effect of naturally interrupted delivery of light like temporal cloudinesswas simulated. In 6 hours, the possible combinations of 1, 2 or 3 hours of intermittent irradiation are shown in Figure 2a , as well as the normalized results. The first and last hour are always illuminated, and the periods in between represent14 possible scenarios of intermittent irradiation. In Figure 2b the scenarios are grouped by line color, where (─) are the scenarios that end after 3 hours in total, (─) are the scenarios that end after 4, (─) are the scenarios that end after 5 and (─) the ones scenarios that end after 6 hours of experimentation. The traces show the ones in which 1 hour of stoppage was inserted (•), (♦) for 2 hours and () for 3 hours total light interruption.
As observed from Figure 2b , all inactivation curves presented an initial shoulder phase, followed by a sharp decay phase, similarly to the continuous illumination experiments, and as it is found in the literature (Berney et al., 2006; Misstear et al., 2013) . Regarding the time required for total inactivation, 2 scenarios reached total inactivation in 3 hours, both receiving 3 initial hours of continuous illumination, which corroborates the findings presented in the previous sub-section. Inserting 1 to 3 hours of darkness extended either the shoulder or the decay phases, lengthening the total disinfection time to 4 h (four scenarios), 5 h (four scenarios) or 6 h (the other four scenarios).
At this point it is interesting to estimate the effect of light interruption on the total disinfection time.
Scenarios 1-4 are interrupted for one hour .So, normally, the delay should be maximum one hour, increasing the total in 4 h of experimentation. However, Scenario 1 is completed after 5 hours, presenting a total delay of 2 h. Hence, it is observed that in this case, the intermittence took place as early as possible, and delayed the process significantly. It is then made clear that the important time of continuous exposure is during the first 2 hours, for this intensity, or else the process is unevenly prolonged. In the same prism, the 2-h intermittence experiments are expected to be completed in 5 h, but there are some scenarios that are completed in 4 h. In this case, there has been at least 2 h of initial continuous illumination, and the accumulated damage is enough to disrupt the normal growth profile and even more, initiate inactivation in the dark. Finally, the 3-h intermittence scenarios are expected to finish in 6 h, and it is verified; it seems that there is an effective dose, achieved in all the exposure time, at this intensity, which ensures total inactivation within the 6 hours of experimentation.
In overall, the results of different illumination conditions after the first hour of light exposure, confirmed the importance of continuous, constant irradiation during the initial 2-h period. When these conditions existed, a 1-h shoulder was normally demonstrated. Upon the infliction of intermittence in light supply, a shoulder up to 3-h was observed. In a potential application of solar wastewater disinfection, the temporal weather changes need to be taken into account, to better simulate the necessary exposure times. In the studied cases, 6 h were sufficient to cause inactivation, even with 3 h of dark periods. However, in real applications, where lower intensities are expected, higher or much higher exposure times should be accounted for in the dimensioning of the system. Furthermore, separating the findings per applied irradiance, there are distinct profiles, according to the exposure time. At 500 W/m 2 , after 2 h illumination, bacteria can recover the solar-inflicted damage, after 3 h the results present moderate decay and after 3 h, permanent decay behavior. However, at 600 W/m 2 , the same findings are verified, but one hour earlier than the case of 500 W/m 2 . This indicates a dose relationship, as seen also in disinfection, and implying an energy threshold beyond which inactivation is permanent and rather bound to happen even in long term.
Implications in post-
In Figure 3b , due to the difference in time intervals, the comparison between 60 min-irradiaton kinetics is of great interest. In this case, 1000 and 1200 W/m 2 present modified response after 1h; although a decay phase has already began, at 1000 W/m 2 in 48 h a minor recovery is observed, contrasting the higher residual bacterial number, but consistent decay presented in 1200 W/m 2 curves. In the case of 1000 W/m 2 , the change in kinetics from growth to decay profile is taking place between 60 and 90 min of irradiation, while at 1200 W/m 2 , this modification takes place between 40 and 60 min. Hence, in all cases presented so far, the increase in light intensity has moved this "breaking point" in bacterial kinetics earlier in time,
indicating the differentiated response of bacteria against solar light dose. Therefore, apart from the necessary dose to inflict total inactivation, we suggest that another point exists, at which bacteria are deterministically decaying in long term storage. The calculated dose for achieving long term inactivation is around 1250 Wh/m 2 , regardless of the intensity used. In this case, even in the presence of nutrients and dark conditions, bacteria were not able to perform dark repair.
Survival kinetics in lake water
In the previous regrowth tests, the bacterial kinetics in wastewater were studied after solar exposure and a subsequent 48-h dark period. Nutrients were present at considerable concentration in those regrowth experiments, but this is not always the case in nature. In this assay, lake water was used as the receiving medium of solar-treated wastewater. Also, as in some cases the kinetics presented a plateau, the monitoring period was extended to 5 days, for a better view of the survival capabilities. Figure 4 presents the bacterial survival after simulated solar disinfection at 1000 W/m 2 , chosen as a normal value to encounter in candidate countries for application. Along with the irradiated tests, the behavior of untreated bacteria is presented for reference. As it is shown, untreated bacteria went through a growth period, lasting 3 days, and then presented a tendency to stabilize their population. The dilution rate between wastewater and lake water affected the nutrient availability. However, starting from a lower initial concentration, bacteria suspended in 1% dilution presented faster growth kinetics, due to the minimization of the competition for nutrients per cell. The dilution in lake water is osmotically neutral for untreated bacteria, as the effect of growth is visible in both cases, and bacteria can maintain their life cycle; there are reports of the presence of bacteria for weeks (Darakas, 2001 ) even months in lake sediments (Haller et al., 2009) .
When an hour of illumination preceded the dilution in lake water the kinetics were differentiated. Both cases presented a small growth period (24 h), which continued only for the 10% diluted samples. On the contrary, in 1% diluted samples a slight decay period was initiated. This behavior can be attributed to the nutrients availability of 10% diluted sample over 1%, but considering the behavior of the untreated sample, it is given to understand that either the 10% sample is statistically favored to contain more healthy cells and therefore, reproduction, or the positive influence of the wastewater matrix is lost, over the dilution in lake water.
Also, what is interesting, is the comparison of the growth rates between lightly treated and untreated cells.
Especially in 10%, higher growth rates were observed, in the first 3 days, which indicated a response:
bacteria that were damaged and/or not lethally wounded, when the damage was repaired, they acquired additional resistance to the osmotic difference. This response was first stated by Trousselier et al. (1998) , who attributed higher resistance in a shock, if it is preceded by another stress. The RpoS gene is responsible for initiating anti-stress response (Vidovic et al., 2012) , it seems it could also be the case here.
Finally, after 2 hours of illumination, the accumulation of damage makes repair impossible. The kinetics reveals a continuous decay phase. However, the dilution rate, i.e. higher nutrient content in 10% and more favorable conditions delay the process for another 24 h, compared to 1% kinetics.
Considering the necessary time to completely inactivate bacteria, in the previous section it was found to be around 160 minutes. What is observed here is that dilution in natural water at high rate, could impose bacterial inactivation with less irradiation time, in long term storage. For example, bacteria treated for 120 min, diluted at 1% rate were completely inactivated in 4 days. If the exposure time is increased, as well as the dilution, it is implied that the necessary times for long-term "self-inactivation" could be relatively shorter. Hence, the disposal of solar treated wastewater and the retention times in the application can be greatly influenced by the following conditions. In plain storage the required times were higher, due to nutrient abundance, but in natural water, even in osmotically neutral, the decay was higher.
Conclusions
The kinetics of simulated solar disinfection of wastewater consistently showed distinct phases. An initial delay period (shoulder lag phase) was always visible, with decreasing lengths as solar irradiance was increased, followed by a monotonous inactivation period, and closing with a slower, tailing phase. In parallel, elimination of the fluctuations in the bacterial population during the lag phase was observed, linked to the effectiveness of higher irradiance. Furthermore, the dose required for total inactivation was almost constant in these conditions.
When the manner of light delivery at high intensities was intermittent, important differences in the inactivation kinetics were found; intermittence un-evenly prolonged the irradiation times, with its delaying action being more effective in the first hours of the exposure time. The delays in total disinfection provoked by the dark periods were significantly longer than the dark periods themselves when the breaks in illumination took place early in the exposure, thus extending the experimental time required for total disinfection. The deterministic decay observed late in the inactivation kinetics indicates the mild effect intermittence has, towards the end of the exposure times.
Regarding regrowth in wastewater, dose is dictating the survival kinetics in the dark. At increasing intensities, an inverse proportional change in time was observed to inflict a similar kinetics profile, indicating its correlation with the dose. Also, higher intensity resulted in sharp bacterial decay in the dark, which was also the main long-term inactivation force. In lake water, higher doses resulted in faster selfdecay response on the dark, in contrary to the non-irradiated samples that, after a shock phase, presented growth. Dilution was an equally decisive parameter, defining the final nutrient availability and therefore affecting the long term capability of bacterial survival.
Conclusively, considering an application destined for solar wastewater disinfection, apart from the endogenous factors, there are exogenous ones influencing the outcome of the process. The success of this application lies i) primarily in light availability and intensity, ii) in the prediction for potential prolonged exposure if temporal clouding is expected frequently, and iii) the receiving water medium. As it seems, tuning the design of a solar disinfection unit as a whole, it can reduce the exposure times and therefore, result in smaller and more efficient facilities. All things considered, a locally oriented approach is necessary for proper design of solar disinfection applications, and most importantly, a holistic vision of the involved parts from the introduction of wastewater to the system, until its release. 
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